The discovery of a novel multicistronic operon that encodes phosphofructokinase, pyruvate kinase, and lactate dehydrogenase in the lactic acid bacterium Lactococcus lactis is reported. The three genes in the operon, designated pjk, pyk, and Mdh, contain 340, 502, and 325 codons, respectively. The intergenic distances are 87 bp between pfl and pyk and 117 bp between pyk and Md. Plasmids containing pfk and pyk conferred phosphofructokinase and pyruvate kinase activity, respectively, on their host. The identity of Mdb was established previously by the same approach (R. M. Llanos, A. J. Hillier, and B. E. Davidson, J. Bacteriol. 174:6956-6964, 1992). Each of the genes is preceded by a potential ribosome binding site. The operon is expressed in a 4.1-kb transcript. The 5' end of the transcript was determined to be a G nucleotide positioned 81 bp upstream from the pjk start codon. The pattern of codon usage within the operon is highly biased, with 11 unused amino acid codons. This degree of bias suggests that the operon is highly expressed. The three proteins encoded on the operon are key enzymes in the Embden-Meyerhoff pathway, the central pathway of energy production and lactic acid synthesis in L. lactis. For this reason, we have called the operon the las (lactic acid synthesis) operon.
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The conversion of carbohydrate to lactic acid is the major energy-producing pathway in many bacteria. With the lactic acid bacteria, the conversion is the basis of a variety of food fermentations that yield products with valuable nutritional and organoleptic properties. One of the best studied of the lactic acid bacteria is Lactococcus lactis, which converts lactose to lactic acid during the manufacture of cheese. Analyses of the biochemical regulation of lactic acid synthesis in this organism indicate that phosphoenolpyruvate, fructose-1,6-bisphosphate, and inorganic phosphate act as important metabolic controllers (43) . The activity of pyruvate kinase, which converts phosphoenolpyruvate and ADP to pyruvate and ATP, is of critical importance, since it competes directly for phosphoenolpyruvate with the sugar phosphotransferase uptake system. The activities of pyruvate kinase and lactate dehydrogenase are increased markedly by fructose-1,6-bisphosphate, the product of phosphofructokinase (1, 9, 43) . Thus, the activities of pyruvate kinase, phosphofructokinase, and lactate dehydrogenase are interdependent and have a major effect on the rates of energy production and lactic acid synthesis in this organism.
Significant progress with the analysis of plasmid-borne genes required for lactic acid synthesis in L. lactis has been made in recent years (13, 46) . These genes encode proteins responsible for the uptake of lactose as lactose-6-phosphate, its hydrolysis to glucose and galactose-6-phosphate, and the conversion of galactose-6-phosphate via tagatose-6-phosphate to triose phosphates (8) . Genes required for the uptake of glucose and its catabolism to lactic acid must be chromo- Construction of plasmids. For the construction of pMU2921 (Fig. 1) , the PCR product obtained by using L. lactis DNA as a template and RL34 and RL35 (Table 2) as amplimers was gel purified and then incubated at 370C for 30 min with 2.5 U of T4 DNA polymerase and 2 U of Escherichia coli DNA polymerase (KIenow fragment) in 50 mM Tris-HCl buffer (pH 8.0) containing 7 mM MgCl2, 1 mM dithiothreitol, 0.4 mg of bovine serum albumin per ml, and deoxyribonucleoside triphosphates (100 ,uM each) to generate blunt ends. The DNA was extracted with phenol and cloned in SmaI-digested pJDC9 by standard procedures. For the construction of pMU2916 (Fig. 1) , the PCR product obtained by using L. lactis DNA, RL31, and RL32 (Table 2) was digested with EcoRI and ligated with EcoRI-digested pMG36e. The ligation mix was transformed into E. coli SURE (Stratagene, La Jolla, Calif.), and a transformant that carried the desired insert was identified by colony hybridization with probe H (Fig. 1) . For the construction of pMU2917 (Fig. 1) , the PCR product obtained by using L. lactis DNA, RL25, and RL26 ( (Fig. 1 and Table 2 ). Four of these (pMU2917 to pMU2920) were chosen for sequence analyses.
Primer extension analysis. Total RNAs were purified from L. lactis as described previously (27) . The oligonucleotide primer (500 ng of RL24 or RL33 [ from L. lactis has been assigned accession number L07920 in the GenBank data base.
RESULTS
Nucleotide sequence of pyk. In a previous publication, we reported the isolation of a recombinant X clone (X632) carrying the L. lactis gene ldh and the determination of the ldh nucleotide sequence (27) . A functioning transcription terminator in the 3'-flanking DNA of ldh was detected, but the 5'-flanking DNA was found to be promoterless (Fig. 1) . We also found an open reading frame (ORF) in the same orientation as ldh that terminated 117 bp upstream of ldh (27) . We have now determined the nucleotide sequence of this ORF using plasmids pMU2901 and pMU2908 and subclones of them (Fig. 2) . The ORF contained 511 codons, and comparison of its amino acid sequence with sequences in the GenBank data base using the FASTA program (26) revealed significant homology with the sequence of E. coli pyruvate kinase (Fig. 3 ). We will refer to the gene in this ORF aspyk in view of the observation (see below) that it encoded pyruvate kinase. We concluded that the first ATG codon in the ORF, codon 10, was the most likely site of translation initiation, because it was preceded by a putative ribosome binding site and because this choice maximized homology with the N terminus of the E. coli enzyme (Fig. 3) . By using this initiation site, the nucleotide sequence predicted a chain length of 502 amino acids and a subunit molecular weight of 54,285 for L. lactis pyruvate kinase, assuming no posttranslational cleavage at the N-terminal end. A subunit molecular weight of 59,000 to 62,000 has been reported for this enzyme (9) . Sequencing upstream of pyk revealed another, colinear ORF that extended to the Sau3AI site (bp 480) marking the end of the lactococcal DNA in X632 (Fig. 2 ). This ORF was separated from pyk by 87 bp. Comparison of its predicted amino acid sequence with sequences in the GenBank data base revealed significant homology with the sequences of various phosphofructokinases.
Cloning and nucleotide sequence ofpfk. While the sequence of pyk was being determined, a lactococcal probe for the gene encoding phosphofructokinase (pfk) was isolated by the following strategy. The published amino acid sequences of phosphofructokinases from E. coli (22) , Bacillus stearothermophilus (18), rabbits (35) , and Homo sapiens (37) were aligned, and two regions of conserved sequence, GMNAA (IV) and EVMGR(Y/H)(C/A), were selected for PCR primer design. In B. stearothernophilus, these regions were separated by 143 residues. Redundant oligonucleotides (RL34 and RL35; Table 2 ) that encoded these sequences were synthesized and used as PCR primers to amplify lactococcal DNA. Gel electrophoresis showed that the reaction yielded three products, of 800, 450, and 200 bp, in approximately equivalent amounts. The 450-bp fragment, which was closest to the expected size, was extracted from the gel and cloned in pJDC9 to yield a plasmid designated pMU2921 (see Materials and Methods). The nucleotide sequence of the cloned DNA was determined (data not shown). Its encoded amino acid sequence exhibited 65% identity with the sequence of the equivalent portion of the B. stearothermophilus phosphofructokinase, providing good evidence that it had been generated by amplification of L. lactis pfk. The nucleotide sequence at one end of the pMU2921 insert was the same as that at the end of the lactococcal DNA in X632 (bp 480 to 687 in Fig. 2 ). We interpreted this and the sequence data described above to indicate that the ORF 5' to pyk in X632 waspfk and that pMU2921 contained lactococcal DNA extending beyond the Sau3AI site at the end of X632 (bp 480 in Fig. 2 ). Screening of a lactococcal gene library of 780 clones in XGEM-11 (27) with pMU2921 as the probe failed to yield a clone that extended past the Sau3AI site delimiting the lactococcal insert in X632. This library had been used by us to isolate a number of different genes. Hybridization of Southern blots of gel separations of EcoRI-digested L. lactis DNA with probe D (Fig. 1 and Table 2 ) indicated that the DNA of interest was contained within a 2.0-kbp EcoRI fragment. Attempts to clone this fragment directly in plasmids from EcoRI digests of L. lactis DNA were unsuccessful, even after using gel electrophoresis to increase the proportion of fragments of the appropriate size. In an alternative approach, PCR was used to analyze this region of the chromosome. The PCR template was a ligated mixture of EcoRI-digested DNA from M13mpl9 and L. lactis (see Materials and Methods), and the amplimers were RL23, which was complementary to the M13mpl9 DNA adjacent to the EcoRI site (Table 2) , and RL13 (Fig. 1) . The reaction yielded a DNA fragment of the size expected (525 bp) from amplification of molecules in which the 2.0-kbp EcoRI fragment had been ligated into the multiple cloning site of M13mpl9. Attempts to clone the 525-bp fragment were unsuccessful, but direct sequencing of it with RL13 as a primer produced a sequence identical to that of portion of pMU2921 (leftward from bp 286 in Fig. 2 ). This observation established the identity of the 525-bp fragment. Direct sequencing of it from the other end with RL23 as a primer yielded the sequence of the L. lactis chromosome near the EcoRI site. By using this information, oligonucleotides RL25 and RL31 were synthesized and then used in conjunction with RL26 and RL32, respectively, for PCR amplification of L. lactis DNA. The products obtained with these amplifications were used to construct the pfk-containing plasmids pMU2916 to pMU2920 (see Materials and Methods), which were then used for determination of the complete nucleotide sequence of pJk and its 5'-flanking DNA and for expression studies. Isolation of pMU2916 suggested that the region of DNA which caused problems in isolating molecular clones was located in the 150 to 160 bp between the left end of the pMU2916 insert and the EcoRI site (Fig. 1) . The reason for the cloning difficulties was not investigated. 
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Expression studies with L. lactis pfl in E. coli and L. kactis.
Expression of enzyme activity was also used as the criterion for establishing that pjk encoded phosphofructokinase.
Whereas the phosphofructokinase activities of cell extracts of E. coli JM107 and E. coli JM107(pMU2916) were indistinguishable (data not shown), the presence of pMU2916 in L. lactis caused the phosphofructokinase activity of cell extracts to increase from 34 to 180 mU/ml of culture with an A550 of 1.0.
Codon usage in the las operon. Codon usage in the las operon exhibits a strong bias towards certain codons and away from others (Table 4) . Thus, 11 amino acid codons are not used in this operon. This bias is most pronounced in the Arg codons, among which only two of the available six are used. While the low G+C content (37%) of L. lactis DNA may contribute to nonusage of the seven unused codons which have either C or G in the third position, it cannot be the reason for either the nonusage of the other four or the preference for T compared with A in the third position of the Leu, Ile, and Arg codons.
Copy number of pyk and pfl in the L. lactis chromosome.
EcoRI, HindIII, HaeIII, EcoRV, and HpaI digests of L. lactis DNA were separated by electrophoresis through agarose (Fig. 5A) , and a Southern blot was prepared from the gel. Hybridization of the blot with a 32P-labeled pyk probe (probe C; Fig. 1 and Table 2 ) yielded a single hybridizing band in each lane (Fig. 5B) . The measured sizes (in kilobase pairs; expected sizes on the basis of the data in Fig. 2 are given in parentheses) of the hybridizing fragments were as follows: EcoRI, 2.05 (2.05 and 6.0); HindIII bulgaricus (Ldb) (25) , Thermus thermophilus (Tth) (49), E. coli phosphofructokinase 1 (Eco) (22) , B. stearothermophilus (Bst) (18) , and L. lactis (LU) (this study). The first amino acids shown for the H. sapiens and S. cerevisiae enzymes are residues 14 and 204 in their respective published sequences, and only the first 38 residues have been reported for L. delbrueckii. Symbols below the L. lactis sequence indicate amino acids, identified in X-ray crystallographic studies with the B. stearothermophilus and E. coli enzymes (16, 22, 36) , that are involved in the following functions: fructose-6-phosphate binding (A site) (stars), ATP binding (B site) (triangles), effector binding (C site) (squares), and subunit interfaces (circles). For other details, see the legend to Fig. 3 .
Hybridization of the blot with a 32P-labeled pfk probe (probe D; Fig. 1 and Table 2 ) also yielded a single hybridizing band for each digest (Fig. SC) . The sizes of these fragiients (in kilobase pairs, with expected sizes in parenthese~) were as follows: EcoRI, 2.05 (2.05); HindIII, 4 (Fig. 1 ) using L. lactis RNA as a template yielded one major cDNA product, with minor amounts of shorter products (Fig. 6) . The mobility of the major product was identical to that of the product in the C track, corresponding to bp 89 in Fig. 2 . We concluded that the G at bp 89 was at the 5' end of the las operon transcript. Analysis of the primer extension product from oligonucleotide RL24 (data not shown) led to the same conclusion.
DISCUSSION
In L. lactis, phosphofructokinase, pyruvate kinase, and lactate dehydrogenase are key enzymes in the central pathway of energy production, the conversion of carbohydrates (1, 17, 43) , and the levels of their activities play a major role in establishing the rates of energy synthesis, growth, and lactic acid production for the organism. Investigations described above and those reported previously (27) indicate that genes encoding these enzymes are located adjacently to each other, in the order pfl pyk ldh, within a 4.0-kbp section of the L. lactis chromosome. Hybridization ofpfk-, pyk-, and ldh-specific probes with Southern blots of DNA digests gave results indicative of a single chromosomal copy of each gene, although in each case the presence of one or more additional copies having little or no homology with the probe would have been undetected by this approach. In this regard, it is relevant to note that E. coli has two phosphofructokinase genes (11, 22) which exhibit no sequence homology (22) and two pyruvate kinase genes (19, 34) that are approximately 40% identical (Fig. 3) . A number of observations provide clear evidence that the three genes form a single transcriptional unit. First, specific probes for ldh, pyk, and pffi (probes B, C, and D; Fig. 1) hybridized with a 4.1-kb transcript on Northern (RNA) blots of L. lactis RNA (27) . Second, an efficient transcription terminator in the DNA immediately 3' to ldh was identified (27) . This DNA contains two palindromes, each characteristic of a rho-independent transcription terminator. Third, the 5' end of a transcript has been mapped to the G nucleotide situated 81 (22) 300 (30) 246 (25) 254 (26) 65 (7) 63 (6) 57 (6) 589 (69) 187 (22) 80 (9) 236 (100) 351 (50) 120 (17) 147 (21) 88 (12) 170 (26) 30 (5) 206 (31) 21 (3) 117 (33) 30 (9) 172 (49) 33 (9) 236 (40) 56 (10) 224 (38) 67 (11) 362 (42) 108 (12) 321 (37) 81 ( (24) 714 (86) 119 (14) 68 (84) 13 (16) 5 (16) 85 (100) 152 (38) 52 (50) 53 (50) 24 (13) 56 (31) 73 (41) 10 (6) 14 (8) 1 (1) 75 (56) 54 (41) 4 (3) 50 (100) 81 (46) 29 (16) 50 (28) 16 (9) 27 (35) 1 (1) 46 (59) 4 (5) 27 (36) 1 (1) 40 (53) 8 (11) 40 (36) 9 (8) 52 (46) 11 (10) 88 (46) 21 (11) 69 (36) 13 (7) 57 (66) 30 (34) 6 (86) 1 (14) 24 (52) 22 (48) 42 (84) 8 (16) data encourage the viewpoint that homolog of the las operon are present in other bacteria, at least those in the grampositive lineage and its mollicute side branch (29, 39) .
Expression of the three genes from a single promoter in L. lactis raises the interesting possibility that they are subjected to coordinated regulation at the transcriptional level. At present, we have no information on factors that might modulate transcription of the las operon or, indeed, whether it is modulated at all. Given the fact that lactococcal promoters also function in E. coli (45) (Fig. 2) (27) . Prediction of the secondary structures in the RNA around each site (51) revealed no thermodynamically significant structure in which the sites for either pfk or pyk were blocked. However, the pyk-ldh intergenic region (the 187 nucleotides downstream from bp 2738 in Fig. 2 Codon usage in the three las operon genes was found to exhibit a strong bias (Table 4 ). Biased codon usage in E. coli and Saccharomyces cerevisiae genes is well documented (20, 38) . In those organisms, a positive correlation between the degree of codon bias and the level of gene expression has been demonstrated; the most highly expressed genes exhibit the greatest degree of synonymous codon bias. Little information concerning codon usage in L. lactis is available. A compilation of codon usage patterns in L. lactis genes was made by van de Guchte et al. (45) , but the available data base was too small to enable any conclusions to be reached. Sequences for 27 L. lactis chromosomal genes, containing a total of 11,070 codons, have now been reported in the GenBank data base. Analysis of the codon usage pattern in these 27 genes reveals that it is significantly less biased than that in the las operon (Table 4 ). The presence of the strong bias in the las operon, therefore, argues that pik, pyk, and ldh are highly expressed genes. In view of the central role of the las gene products in energy metabolism in L. lactis, this is not surprising. On the other hand, the genes of the plasmid-borne lac operon, which also encode a number of the proteins required for the utilization of lactose as an energy source, do not exhibit the same amount of bias. The pattern of codon usage in the las operon may, therefore, be the best available paradigm for the codon usage pattern in highly expressed L. lactis chromosomal genes. The three-dimensional structure of the B. stearothermophilus phosphofructokinase in both conformational states (the R and T states) has been determined, and amino acids involved in the binding of ligands and subunit interactions have been identified (16, 22, 36) . The homology with the B. stearothermophilus enzyme enables these amino acids to be recognized readily in the L. lactis phosphofructokinase, since the majority are identical in the two enzymes (Fig. 4) . Three differences in the residues in the ATP-binding site are unlikely to have a significant effect on the binding properties of the enzyme. They involve Cys-73 in B. stearothermophilus (Tyr-73 in L. lactis), which interacts through the main-chain amide and carbonyl groups, Lys-77 (Ala-77 in L. lactis), which makes hydrophobic contacts, and Gln-107 (His-107 in L. lactis), which possibly makes an H bond (22) .
There are four changes in residues at the effector-binding site, the site for binding of ADP: Lys-ill (Arg-111 in L. lactis), which makes hydrophobic contacts, Glu-187 (Asp-187 in L. lactis), in which the carboxyl H-bonds with Mg2", Arg-211 (Lys-211 in L. lactis), which makes H bonds to a-P and adenine N7, and Lys-214 (Asn-214 in L. lactis), which interacts through the main-chain amide with a ribose hydroxyl. Whether these substitutions change the effectormediated properties of the L. lactis enzyme is not known.
The predicted amino acid sequence of the L. lactis pyruvate kinase is also homologous to the sequences of pyruvate kinases from other organisms (Fig. 3) . Elucidation of the three-dimensional structure of cat muscle pyruvate kinase enabled Muirhead et al. to identify amino acids close to the active site and to propose the probable involvement of some of them in binding (32) . Many of these amino acids are conserved in the L. lactis pyruvate kinase (Fig. 3) . The lysine residue suggested to act as an acid-base catalyst in the active site (Lys-250) is also conserved.
